In-medium effects in photon excitation of the S 11 resonance from nucleon and its decay to η-meson using the RMF approach is studied. We examine the in-medium effects by varing the Dirac fields of the nucleon and the S 11 resonance separately. We obtained a conclusion that the Dirac fields of the nucleon, which reduces the nucleon effective mass, enlarge the width of S 11 resonance, and small Dirac-fields of the resonance shifts the peak position, and these combined effects can explain the in-medium properties observed in the experimental data for 12 C(γ,η) reaction.
Introduction
Photon induced reactions are advantageous in obtaining information on the deep interior region of nuclei since photons are little distorted in the incident channel. Recent measurements of nuclear-photoabsorption cross sections on several nuclei heavier than 7 Li [1] have shown clear evidence of nuclear in-medium effects on isobar resonances: the resonance-like structures caused by the D 13 (1520) and F 15 (1680) excitations, clearly seen in the photoabsorption cross sections of hydrogen [2] and deuteron [3] , disappear in heavier nuclei, while the peak of the P 33 (1232) resonance still exists.
There have been several theoretical attempts to understand this disappearance [4, 5, 6, 7, 8] .
At present people pay attention to a question whether this phenomena are caused by the inmedium correction of the isobar resonances such as the broadening of width [5] , or to other many-body process such as the interference in the two-pion photoproduction processes in the nuclear medium [8] . As for the isobar width in medium, Kondratyuk et al. [6] proposed that the collision broadening plays the major role for the damping of the nucleon resonances in nuclei.
However, Effenberger et al. [7] showed that such a large increase of the resonance width is hardly justified by estimating the collision broadening based on the N-N * interaction.
In order to solve this question, recently Yorita et al. [9, 10] made experments of the (γ, η) reaction with the Carbon target to study the S 11 (1535) resonance. This resonance strongly couples with the Nη channel and has a large branching ratio of the η decay. Since the elementary H(γ, η)H reaction below 1.0 GeV is explained by the excitation of the S 11 resonance without any background process, one can expect to excite only the S 11 resonance in the (γ, η) reactions on nuclei. Thus we can investigate in-medium properties of the S 11 resonance through the etaphotoproduction. From their experimental data, Yorita et al. [9] have found a certain evidence that the width of the S 11 resonance is broadened by the collisional process with nucleons: They could reproduce their data on C target with the resonance width of 212 MeV (+ collisional broadening) while the elementay H(γ,η)H cross section is described better with a width of 154
MeV [11] .
I.R. Bolkland and H.S. Sherif [12] and W. Peters at al. [13] have calculated the exclusive photoproduction of η meson with DWIA using the relativistic mean-field (RMF) approach [14] .
Since there are no exclusive data, unfortunatly, they could not compare there results with experimental data and did not give any conclusion. However, their works give a hint to understand the above problem from a perspective of the relativistic theory. In the RMF approach there are two kinds of Dirac mean-fields, namely, large attractive scalar and repulsive vector fields, which derive small effective mass of the nucleon in the medium. The variation of Dirac mean-fields changes the excitation energy and width of the isobar resonance due to their dependence on the effective mass of nucleon as well as that of the isobar resonance itself.
In this paper we investigate the in-medium effects in S 11 resonance excitation from nucleon and its decay to η-meson by introducing the mean-fields of the resonance within the RMF approach. Then we can examine the in-medium effects by varing the Dirac fields of the nucleon and the S 11 resonance separately.
In the next section we will give the formulation of our model. Since the interaction between isobars and nucleon is not completely clear, we cannot make a perfect microscopic calculation.
Hence we propose a model which is partially microscopical and partially phenomenological. In addition the elementary process of the excitation from nucleon to S 11 resonance is still ambiguous. We show two candidates and choose one by comparing the experimental data of γ + p → η.
In Sec. 3 wqe show some results, and summarize our study in Sec. 4 
Formalism
In this section we briefly explain our formalism. We have two possibility of the electromagnetic interaction Lagrangian between nucleon and S 11 resonance as follows.
where F µν = ∂ µ A ν − ∂ ν A µ , and ψ N , ψ R and A µ are nucleon, S 11 resonance, and photon fields, respectively. In additiong e andκ e are coupling constatnts.
The expression (2), used in Refs. [12, 13] holds Gauge invariance, but the gamma decay width has p-wave behaviour in low energy limit. On the other hands the expression (1) does not holds Gauge invariance, but the gamma decay width has s-wave behaviour in low energy limit. Then we derive our formula by using expression (1); more detailed discussion will be made later.
Now we discuss the eta production in the photoabsorption in terms of RMF approach. We define the initial photon momentm q as
The photoabsorption cross-section is proportional to the transverse responce function:
The transverse response function Π T is defined as the imaginary part of the transverse polarization function:
where the polarization function for the excitation between nucleon and the resonance is defined as
Here, S N and S R are nucleon and S 11 resonance propagators, respectively.
The nucleon propagator S N involve the vacuum part and the density-dependent part describing that the nucleon occupy the state below Fermi energy in the system:
where n(p) is given as n(p) = θ(p F − |p|) with the Fermi-momentum p F . In this expression M * and p * µ are the effective mass and the kinetic momentum defined as
where U s and U µ = U 0 δ 0 µ are the scalar and vector mean-field. In addition, effective kinetic energy E * N (p) and the single particle energy ε N (p) are defined as
Similary we take the propagator of the S 11 resonance with the scalar and vector fields, U s (R)
and
with
The width of the S 11 is given in [15] as
where k(π(η)) is momentum of decayed pion (eta) at the rest frame of the resonance, b π(η) the branching parameters for pion (eta) channel, and x π(η) is momentum of decayed pion (eta) at the rest frame
The width must be modified by the Pauli-blocking effect of decayed nucleon as well as by the mean-fields. To involve this effect, we define the width of the resonance in the medium as a function of the phase space. When the nucleon with momentum p absorps the photon and is excited to the resonance, the phase space volume of the decayed particle becomes
where the last term (1 − n(p)) is the Pauli-Blocking factor, and
From eqs. (4, 5, 6, 7, 12) we can get the eta photproduction cross-section in nuclear matter as
where q * is effective photon momentum defined as
In addition the function f (s * R ) is given as
and F abs shows the absorption factor for the eta-propagation, which is taken arbitrary in this work.
The symbols A p and A n are normalization factors for proton and neutron contributons.
We determine A p from the elementary cross-section of γ + p → η reaction. In our model this cross-section is given from eq. (22) as
where s R = (p + q) 2 with p = (M N ; 0, 0, 0). On the other hand this cross-section is usually parametrized with the Breit-Wigner form [7, 15] as
where we rewrite this description with the variables in the laboratory system though it is described with those in the center-of-mass system. ¿From the condition that σ el 1 = σ BW η at s R = M 2 R we can determine the factor A p as
Furthermore the ratio between A p and A n are given in Ref. [7, 15] as
When using the Lagrangian density L (2) , on the contrary, the (γ,η) cross-section is obtained in the same way as
Numerical difference between σ el 1 and σ el 2 is shown in the next section.
Results
In this section we perform actual calculations. The parameters as for the S 11 -resonance are taken as M R = 1.540 GeV, Γ 0 = 0.15 GeV, b η = 0.55, and c 2 π = c 2 η = 0.25 GeV 2 . In Fig. 1 we show our result (σ el 1 ) with the solid line, and the experimental data [11, 15] are indicated by the full circles and squares. Our result reproduces the experimental data quite well.
Furthermore we draw the cross-section σ el 2 (29) with the Lagarangian density L (2) in eq. (2) with the dashed curve, while the best-fit phenomenological expression σ BW η is shown by the dotted line. We can see that σ el 2 does not agree with σ el 1 and σ BW η , at least using the same values of the resonance mass M R and width Γ 0 .
Next we examine in-medium effects through the Dirac fields. The parameter-sets of nuclear self-energies is given with PM1 [16] (BE = 16 MeV, M * /M = 0.7 at ρ 0 = 0.17fm −3 ). On the contrary, we do not have any information on the S 11 -resonance mean-fields. However it is not unnatural to assume that the S 11 -resonance potential should not be so large:
Then we fix the ratio between nucleon and the S 11 -resonance self-energies:
and examine effects of the S 11 -resonance mean-fields by varing the ratio u r .
In the actual calculation we omit the Pauli Blocking factor in eq. (17) because the photon momentum is very large and this factor does not contribute to the calculation results. In addition we take F abs = 0.043, which value is arificially determined to reproduce the experimental data at the peak.
In Fig. 2a we compare the results of photo-production of η with the experimental data with 12 C target. The solid line, long-dashed line and dashed lines show the results for u r = 0, u r = 0.5 and u r = 1, respectively. We can see that the calculation result well agrees with experimental data in the case that u r = 0. Now we quatitatively discuss the peak photon-energy. The peak energy is close to the energy at the condition that the absorped photon excites a rest nucleon to the resonance with the mass M * R , namley,
We defineQ as the Q in the above condition, which is slightly larger than the real peak energy because of the factor 1/Q in the equation.
When U s,0 (R) = 0, which corresponds to the case of u r = 0,
This U c (N ) is almost equivalent to the central potential of nucleon in the nonrelativistic picture.
Hence, the peak shift can be partially explained by the binding effect of nucleons.
In Fig. 2b we show results for u r =0 by varing the nucleon effective mass under fixing the Fermi energy. We notice that the results with M * N /M N = 0.7 agrees with that with M * N /M N = 0.55. However, if adopt the value M * N /M N = 1, the peak position is lower than the above results, although the peak position is slightly higher than that of the free Fermi gas model. This result indicates that the in-medium correction of nucleon mass is also important to understand the peak shift, and the effective nucleon mass of 0.7 or below is preferred.
To understand this result we consider the width of S 11 -resonance at the condition given in eq. (32). In Fig. 3a we show the peak shift:
In Fig. 3b , furthermore, we show the calculation results of the width at Q =Q 0 versuls the peak width at the vacuume Γ r (η) = Γ η /(b η Γ 0 ).
The typical value of effective mass is empirically known as M * N /M N = 0.55 − 0.7 [17, 18, 19] . In this effective mass region the peak shift is rather large, and the decay width is slightly broader than that at the vacuum in the case of u r = 0 while the peak shift is very small, and the width is narrower in the case of u r = 1.
This fact that u r = 0 is preferred, is similar to Yorita's analysis in Ref. [9] that small binding effect and the enhanced width in medium can reproduce the experimental data.
Summary
In this paper we investigate in-medium effects for the eta photoproduction. We use the RMF approach and calculate the η-production cross-section varing the Dirac-fields of S 11 -resonance.
As a result small Dirac-fields of S 11 -resonance gives the best results though the nucleon fields are not small. This result can be explained with the following mechanism.
The small Dirac-fields of S 11 -resonance shift the peak to higher energy by the binding effects, and the small effective mass of nucleon enlarged the width. The large resonance Dirac-fields also enlarge the width, but suppresses the peak-shift, and it cannot explain the experimental data.
Namely in-medium correction of nucleon, such as small effective mass, plays more significant role than that of the resonance.
Of course there are several ambiguities, and we cannot give a perfectly quantitative conclusion at present. As for the photoabsorption process, we must take into account the collisonal broadning of the resonance width in future. The effects we showed in this paper are supposed to be smaller in finite nuclei, and the collisional broadning must contribute to the peak shift.
Thus we need to calculate the cross-section at finite nuclei including realistic eta-apsorption and multi-step effects. For this purpose the RBUU approach must be useful [20, 21] .
We should give further comments. In this work we learn that in-medium effects of decayed particles are more important than that of the resonance itself. As a conclusion the S 11 (1535) resonance does not have so large in-medium effects. On the other hand, we need to introduce more drastic effects to explain the experimental data for the D 13 (1520) and F 15 (1680). The in-medium correction of ρ-meson must be a strong candidate in this problem. Full circles show the experimental data [9] . 
